An X-ray fluorescence (XRF) system that uses radioisotopes in an orthogonal configuration between the source, sample, and detector is described. The advantage of such a system is that for large (bulk) samples or in vivo measurements, the background caused by Compton scattering in the sample is minimized. High reproducibility for nonuniform samples is obtained by reducing the sample size and thus the effects of nonuniformity in the spatial response of such a system. Germane to any accurate analytical method is the use of proper mathematical algorithms for data evaluation. The problem is acute, in particular, when photopeaks with low counting statistics are to be analyzed. In the case of a single photopeak on flat background, optimal energy window size, which maximizes the signal-to-noise ratio, for trapezoidal intergration is described. The sensitivity and minimum detection limit at different energies together with background considerations are discussed.
INTRODUCTION
X-ray spectroscopy dates back to around 1910 when Barkla (1) obtained the first positive evidence of characteristic X-ray emission spectra. Three years later; Mo~eiey (2) established the relationship between frequency (energy) and atomic number. However, only in the last three decades, with the invention of lithium-drifted silicon and germanium 346 Wielopolski, Zhang, and Cohn solid-state detectors (3), has X-ray fluorescence (XRF) spectrometry been established as a valid and reliable analytical tool.
The main advantages of the XRF technique are its very wide dynamic range in elemental concentration that can be measured [from 100% down to trace quantitites in the parts-per-billion (ppb) range], its ability to perform nondestructive, multielemental analysis, and the fact that it requires little to no sample preparation. The analyzed samples can be either solid, liquid, or gaseous. The spectral distribution of X-rays is almost unambiguous. The few cases in which ambuguity does occur are well known and can be resolved either analytically or by the use of different characteristic lines. Finally, all the elements above boron are amenable to analysis by XRF, regardless of their chemical state (4) (5) (6) .
Most of the high-throughput, sophisticated XRF systems that have been developed use X-ray machines or alternative powerful sources of radiation to excite the sample. In some cases, however, XRF systems with low-throughput can be justified. Characteristics and design parameters of such a system, in which radioisotopes are used as an excitation source in orthogonal configuration, are described. This system is capable of analyzing trace elements in the sub-ppm level and requires tens of nanograms of material for the analysis.
DESIGN CONSIDERATIONS OF AN XRF SYSTEM
The main considerations in the development of an XRF system are: (a) mode of excitation; (b) source-sample-detector configuration; (c) detection system; (d) line intensity evaluation; and (e) suitable calibration procedure. Some of these considerations depend upon the type of samples to be analyzed.
A low-throughput system can be designed, with low cost and minimum maintenance requirements, using radioisotopes as the source of radiation to excite the sample. In this case it is important to choose a radioisotope with the energy best suited to excite the elements of interest in the sample. Since the characteristic X-ray yield is governed by: (a) photoelectric cross-section (-r); (b) by jump ratio (l-j) (i.e., the probability that the vacancy will be created in either the K or the L shell); (c) fluorescence yield (co) probability that X-ray emission occurs; and (d) detection efficiency (xl), the X-ray yield (Y) can be written as:
where c is a proportionality constant that includes the solid angles, the source intensity, and the elemental abundance in the sample. The calculated yields for a 3-mm-thick Si(Li) detector with a 2.54 x 10 :mm thick beryllium entrance window, and assuming c equals 1, are shown in Fig the elements in the periodic table can be measured, except the low Z elements, which require windowless detectors. Furthermore, it is also evident that excitation energies closer to the absorption edge provide higher X-ray yields. 
Wielopolski, Zhang, and Cohn
The source-sample-detector configuration is possible in a variety of geometries, such as annual source, central source, and side source. The side-source configuration, chosen in the present work, offers a large selection of point sources available commercially. But more important, when bulk samples are analyzed, or in in vivo measurements, positioning the source at 90 ~ with regard to the detector-sample axis provides minimum scattered radiation, thus reducing the count rate and background in the detector. This follows directly from the differential scattering cross-section (d~,./d{]) as expressed by the Klein-Nishina formula (7):
where r,, is the classical electron radius, E and E' are the photon energies before and after scattering, respectively, and 0 is the scattering angle. Differential scattering probability as a function of the scattering angle, O, is shown at different energies E in Fig. 2 .
In the side-source configuration, in which the source-sample-detector path is in a horizontal plane, the response from a thin sample located perpendicular to the radiation path is not uniform. The spatial response of a 1 x 1 mm thin copper foil moved in the x and y directions, as shown in Fig. 3 , resulted in the intensity distribution of Cu X-rays shown in Figs. 4-6 . The asymmetry in the x direction depends on the diameter of the source collimator. For example, in Fig. 4 , where the diameter is larger than that in Fig. 6 , two different sources were used. The response along the y-axis, Fig. 5 , is symmetric.
The nonuniform spatial response requires that the sample size be maintained constant during sample preparation. This is demonstrated by evaporating different volumes of lead solution in a center of Formvar film and monitoring the lead X-ray yield. The X-ray yield per unit volume (10 p~L) decreased, whereas the dry sample diameter increased when the sample volume was increased (Fig. 7a) . However, when the sample was prepared by drying constant volumes consecutively, thus maintaining the dry sample diameter constant, the yield per unit volume remained fairly constant (Fig. 7b) . The reproducibility of the system for a 6-mm dry sample size is about 2%. The analytical method used to evaluate the peak intensities depends on the degree of spectral complexity. In the case of intense and clearly separated peaks, almost any method is equally valid and should yield identical results. For complex spectra, the least-squares method (8, 9) is the most appropriate one. However, when peaks with low counting statistics are measured, hand analysis and trapezoidal integration of the background are about the only available methods (10) . In this method, in order to obtain the best signal-to-noise ratio (SN), the optimum window width over which the peak is integrated is about 1.4~ or 0.6 FWHM, where cr is the standard deviation of the Guassian peak and FWHM is the full width at half maximum of the peak. The SN is defined as the ratio of the net number of counts in the peak to the square root of the number of counts in the background. The behavior of SN as a function of the window width is shown in Fig. 8 . For low-intensity peaks the relative error is inversely proportional to SN. The drawback in using the optimum size window is that the results are sensitive to electronic instabilities.
Flultielementai Analysis by XRF
Reduction of background in XRF spectroscopy is important in order to improve the signal-to-noise ratio and to decrease the minimum detectable limit of the system. For large samples, the background is reduced by the orthogonal configuration of the source-sample-detector geometry. For thin samples, the background may be reduced by decreasing the mass of the backing material that supports the sample. The background conditions for backing materials with different surface density are summarized in Table 1 . Since the backing materials are low Z, the Compton Rayleigh ratio (Nc/Nr) increases with the increase in surface density. Additional background, from radiation scattering in the air, can be reduced significantly by positioning the head of the detector in a vacuum chamber. The minimum detectable limits (MDL) for a few elements, which were dried separately on a Formvar film, are summarized in Table 2 . The minimum detection limits are quoted in ng in 100-b~L sample. Since counting rates were significantly below the counting capability of the system, an increase in the source intensity and the counting time would ~ultielemental Analysis by XRF 
DISTANCE FROM THE CENTROID
Signal-to-noise ratio versus the width of the integration interval.
SUMMARY I
Many X-ray spectrometers are currently being used for routine qualitative and quantitative analysis. Most of the systems use powerful X-ray machines. However, when the speed of analysis is not of primary concern, systems employing radioisotope sources can be used very effectively.
There are many factors that influence the design of an XRF system. The most important factors and their optimal settings were discussed earlier. The capability of the present system to analyze trace elements is "MDL is defined as three times the square root of the background.
~'Lead L X-rays. demonstrated in Table 2 , where sensitivities in the sub-ppm region can be attained. Applications of the present XRF system for in vitro and in vivo analyses are summarized in refs. (11) (12) (13) .
